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AD-P005 363

:ﬁ FRAGMENT HAZARD INVESTIGATIOM PROGRAM:
Prediction of Quantity Distance riequirements for
Mass-Detonating Ammunition Using a Monte Carlo Simulation
Model
W. D. Smith, Naval Surface Weapons Center

INTRODUCTION

x‘Ihc Department of Defense Explosives Safety Board (DDESB) has funded a continuing study
of the quantity distance (QD) requireraents for Class 1, Division 1 ammunition (Mass-detonating) at
the Naval Surface Weapons Center (NSWC). The main emphasis of the prograra has been
methodology development using pallets of M107 155mm TNT loaded projectiles as a test vehicle.
Previous reports have described the methodology deveioped to predict the far-field fragment hazards
resulting from the detonation of stacks of projectiles’ »“The initial deterministic methodology was
based on the fitting of empirical relations to single pallet fragmentation data (weight-number and
presented area distributions). Large-scale multiple paliet detonation tests conducted at the White
Sands Missile Range (WSMR) and subsequent aralysis showed that the far-field fragment density

was directly proportional to the number of interaction areas (N, spaces between projectiles in the

face of the stack directed toward the fragment recovery zone). The empirical relations accurately
predicted the total number of fragments recovered in the large-scale multiple pallet tests. However,
prediction of the proportion of recovered fragments which would be considered hazardous (KE=>58
ft-1bf) was found to be uracceptably cumbersome. Consequently, it was decided to begin the
development of a stochastic model to replace the original deterministic model. This report presents
the resalts of the test and analysis effort pursued to validate the stochastic model. The details of the
model development are presented elsewhere,

|
BACKGROUND

The deterministic methodology assumed that all fragments were ejected from the stack at
optimum ejection angles (5 to 45 degrees) and that the kinetic energy of far-field fragments could be
related to the calculation of terminal velocity in free-fall. Comparison of small-scale fragmentation
characterization test data and the large-scale multiple pallet detonation test data from the WSMR
indicated that a great number of fragments collected in the far-field were being ejected at other than
optimum angles. These non-optimum ejection angle fragments possessed greater kinetic energy
than the optimum cjection angle fragments and thus viclated one of the basic assumptions used o -
develop the deterministic methodology. It was recognized that the event being simulated was ‘
actually a random event and that these problems could be reduced using a fragment trajectory
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program modified to incorporate Monte Carlo simulation techniques. The development of this new
approack: (the stochastic model) encompassed approximately two years. The new model allows for
the random behavior of the following parameters:

a. initial fragment velocity

b. fragment ejection angle

c. fragment drag coefficient

d. origin of fragments within the stack as a function of heighs
e. soil conditions for fragment ricochet

Input data for the model is the standard data (fragment mass, initial fragment velocity,
recovery zone and fragment presented area) obtained from fragmentation characterization tests.4
The user can specify the number of interaction areas in the stack (N;,), the kinetic energy criterion
and the hazardous fragment density criterion. The fragment trajectory calculation is a three-
dimensional particle model that allows for a two-dimensional wind. Fragment ricochet effects are

also included. Hit probability computations for striking a three-dimensional target (man, vehicle,
building, etc.) are also incorporated in the model.

APPROACH

The Monte Carlo simulation model was validated by comparing tl.e far-field fragment
collection data from 155mm multiple pallet detonation tests and MK82 bomb single pallet

“detonation tests conducted at the WSMR to the far-field fragment densities | redicted by the model.

A series of small-scale fragmencation arenas was conducted to provide the input data for the model.
The validated medel was used to generate QD curves for stacks of 155mm projectiles and MK 82
bomb pallets.

TEST AND ANALYSIS PROGRAM

155mm Projectile Pallets
Fragmentation Characterization
Two tests were conducted to determine the fragmentation characteristics of a two-paliet stack
of 155mm projectiles configured identicaliy to the detonation source used for the 36 pallet test at the
WSMR (ie., two pallets positicned herizontally with the nose of one pallet beneath the bottom of
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the other pallet). Figure 1 presents the fragment velocity distribution measured as a function of
polar zone. The maximum velocity for the fragments was recorded in the 50 and 60 degree zone.
The velocity distribution ‘#as comparable to the distribution recorded for the single pallet
characterization test.2 All collected fragments weighing greater than 300 grains had their presented
areas measured. The 300 grain limit was chosen because it was determined by analysis that no
fragment weighing less than 300 grains would be hazardous in the far-field.

Model Validation

The arena fragmentation characterization data was used as input to the Monte Carlo model to
determine the number of replications necessary to obtain stable far-field fragment density results
and to determine if the random number seed chosen had a significant effect on the predicted
far-field density. Figures 2 and 3 provide the results of varying the number of replications and the
random number seed. Stabie fragment densities were obtained using a minimum of 30 replications.
The predictions varied approximately 5% using a variety of random number seeds. The subsequent
validation runs were made using 30 replications.

In order to compare the results of the Monte Carlo model with the large scale multiple pallet
tests, the actual test data must be considered as a single replication of the random event simulated
by the model. Consequently, simply comparing the average predicted far-field density to the actual
test data would not conclusively demonstrate the accuracy or inaccuracy of the model. The model
was designed 10 maintain a record of the minimum and maximum number of fragments as a
function of range for each replication. Figure 4 presents a comparison of the far-field fragment
collection data for the WSMR 36 pallet detonation test2 with the minimum and maximum number
of fragments predicted by the Monte Carlo model for an identical stack. It can be seen that the
minimum and maximum predictions neatly bracket the actual recovery data. This indicates that the
model accurately predicts the far-field fragment density resulting from the detonation of stacks of
155mm projectiles.

MK82 Bomt Pallet
Fragmentation Characterization

It became apparent during the development of the model that it would be beneficial to validate
the model for another weapon in order to demonstrate the general utitlity of the model. A series of
fragmentation characterization tests and far-field fragment recovery tests were conducted at the
NSWC and the WSMR using single pallets of bombs as a cooperative effort with the Naval
Explosive Safety Improvement Program (NESIP). A series of large-scale single pallet detonations
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with far-field fragment pickup were conducted at the WSMR and a fragmentation characterization
arena was conducted at the NSWC, The far-field coilection tests were conducted with the pallet
positioned horizontally. The center bomb in the bottom row was detonated. Fragments were
collected in 36 ten degree wide collection zones 360 degrees around the pallet to a distance of 2700
feet. Six individual pallets were detonated and then the fragments were collected. The
fragmentation characterization arena was conducted with the pallet positioned vertically. The center
bomb in the row away from the celotex or steel plates was detonated. Figure 5 presents the
fragment velocity distribution measured for the pallet of bombs s a function of polar zone. The
maximum velocity (10900 ft/sec) was recorded between 20 and 40 and 60 and 80 degrees . The
detailed fragmentation data and collection data are available.”

Model Validation

F ure 6 shows a comparison of the far-field collection data and the predictions of the Monte
Carlo model for a single pallet of bombs. The mode! predicitions generally bracket the actual test
data. This indicates that the model can be used to predict the far-field fragment hazard for
mass-detonating ammunition.

Quantity Distance (QD) Requirements
155mm Projectiles

The test and analysis program conclusively demonstrated that the far-field fragment density is
directly proportional to N, , in the stack. For large stacks N;, is approximately equal to the number
of projectiles in the face of the stack. Figure 7 presents a comparison of the Monte Carlo
predictions for the number of projectiles in the face of the stack (Np) and the comesponding blast
criterion (4OW” 3) for a stack of the same size. It can be seen that the blast criterion apparently
underestimates the hazard. However, it must be realized that the DDESB has established a

minimum QD distance of 1250 feet for stacks containing less than 30000 1bs of explosive.
Furthermore, the model indicates that for ranges greater than 2509 feet the fragment hazard is zero

(Np=inﬁnity). This range corresponds to stacks containing 245000 1bs of explosive based on the

blast criterion.

The Monte Cario model was designed to be able to calcualate the QD requirements using
different hazard criteria. The results of this analysis is presented in Figures 8 thru 11 and are
discussed below:
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a. Reducing the kinetic energy criterion from 58 to 10 ft-1bf increases the QD distance by
approximately 200 feet (Figure 8). |

b. Reducing the hazardous density criterion from 1/600 sq ft to 1/6000 sq ft increases the QD
distance by approximately 600 feet (Figure 9).

c. Using the probability of hitting a standing man rather than the fragment density
requirement does not significantly affect the QD criteria (Figure 10).

d. Reducing the probability of hitting a man from .01 to .001 increases the QD distance by
600 feet (Figure 11).

Figure 12 compares the effect of tail wind on the QD curve for 155mm projectiles. It can be
seen that a 90 ft/sec tai! wind increases the QD requirement by approximately 900 ft.

MK 82 Bomb Pallet

ﬂ Figure 13 presents the QD curve for MK82 bombs generated using both the existing DDESB
; density criterion and a probability of hitting a standing man of 0.01. The curves asymptotically
approach 3500 feet for stacks with more than 200 bombs in the face. The curves indicate that the
current blast criterion wili underestimate the fragment hazard for stacks containing less that 670000
Ibs of explosive. Furthermore, the current hazard criteria (KEj,,~58 ft-Ibf, Density =1/600 ft2)

accepts a greater risk than does the .01 probability of hit criterion.

Figure 14 presents the effect of a 90 fysec tail wind on the QD curve. The tail wind will
increases the distance required from 3500 ft to 4500 fi.

CONCLUSIONS

The Monte Carlo model has been shown to be an effective and accurate 100l in predicting
both the near and far-field areal fragment density resulting from the accidental detonation of stacks
of Class 1, Division 1 (Mass-Detonating) ammunition. The model allows the user to easily assess
the effect on the far-field fragment hazard of changes made to the hazard criteria (i.e, density or
kinetic energy). Furthermore, the model eliminates the necessity of large-scale, multiple pallet tests
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with far-field pickup. Properly designed small-scale fragmentation characterization arenas can be
used to gather the necessary data.

The model has hown that the fragment hazard resulting from the detonation of Class 1,
Division 1 ammunition exceeds the existing blast criterion (minimum 1250 feet) for relatively small
stacks (less than 30,000 Ibs of explosive). The fragment hazard as. ymptotically approaches a
maximum (approximately 2500 feet for 155mm projectiles and 3500 feet for MK 82 bombs) as the
stack size grows larger. The blast criterion exceeds this distance for stacks containing more than
245,000 1bs of cxplosive for 155mm projectiles and 670,000 ibs for MK82 bombs. The fragment
hazard for smaller stacks can be reduced by judicious stacking of the pallets to reduce the number
of units in the face of the stack.

RECOMMENDATIONS

The explosive hazard classification procedures used by the DDESB® should be modified to
incorporate the test and analysis procedures developed by this program.

The instructions used by ammunition depots to stack ammunition in magazines should be
reviewed and modified to reduce the number of units in the face of the stack to a minimum,
Circular stacking of pallets should be studied as a means o minimize fragment hazards.

It is recommended that small-scale fragmentation characterizatic i of additional Class 1,
Division i ammunition be conducted and the Monte Carlo model used to generate new QD curves,

The Monte Carlo model should be used to generate QD curves for other classes of
ammunition such as Class 1, Division 2 (Non-mass detonating). Minor modification of the model
will be required.

The effect of magazine structures on the fragmentation characteristics of the ammunition
studied should be determined. Smail-scale fragmentation arenas should be used to develop the data
required by the model.
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MEASURED VELOCITY FOR 155MM

PROJECTILE PALLET
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LLET CONFIGURATION OF {15S5MM PROJECTILES

QD CURVE COMPARISON OF RANDOM NUMBER SEEDS
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PREDICTED VERSUS
ACTUAL RECOVERY DATA
FOR 36 PALLETS OF
155MM PROJECTILES
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MEASURED VELOCITY FOR MK82
BOMB PALLET
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155MM TNT LOADED PROJECTILES

COMPARISON OF DENSITY CRITERIA
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COMPARISON OF QD CURVES FOR {158MM PROJECTILES
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QD CURVE FOR MK8Z BOMB PALLETS
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urve for MK82 Bomb Pallet
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